Objective-To examine the possible influence of exposure to toluene on human fertility. Methods-In a cross sectional study, a sample of 150 male and 90 female printing industry workers were interviewed retrospectively on reproductive experience with a modified version of the European study of infertility and subfecundity questionnaire. Exposure categories comprised job descriptions and information on exposure measurements obtained by industrial hygienists. The fecundability ratio (FR) was estimated on the basis of time to pregnancy (TTP) or periods of unprotected intercourse not leading to pregnancy (PUNP) by means of survival analysis with proportional hazard models. Confounders such as age, ethnicity, smoking, parity, pelvic inflammatory diseases, and frequency of sexual intercourse were controlled for in the analyses. Results-256 Periods of TTP or PUNP were reported by men and 174 by women. After exclusion of induced abortions, birth control failures, and periods without employment for female workers we were able to analyse 169 periods in men and 100 periods in women. Male workers who had been exposed to diVerent concentrations of toluene and their partners did not show a reduction in fecundity. In women (39 periods occurred during exposure) fecundity was reduced (FR 0.47, 95% confidence interval (95% CI) 0.29 to 0.77). Neither, restriction to only the first period nor exclusion of PUNPs changed the results (FR 0.48, 95% CI 0.24 to 0.97). Conclusion-After considering possible biases, low daily exposure to toluene in women seems to be associated with reduced fecundity. This result is in accordance with other findings for organic solvents and supports both the hypotheses that (a) organic solvents could aVect hormonal regulation, and that (b) organic solvents increase early fetal losses which in turn contributes to longer times of unprotected intercourse. (Occup Environ Med 1999;56:443-448) 
EVects of exposure to organic solvents on human reproduction have been examined in several epidemiological studies focusing mainly on pregnancy outcomes. [1] [2] [3] [4] [5] Increased rates of spontaneous abortions have been found in women. However, only a few studies have investigated toluene. 4 6 7 Increased rates of spontaneous abortions or lowered birth weights have been found in the case of paternal exposure to toluene in the printing industry, or to other organic solvents used in refineries or in the automobile industry. [8] [9] [10] [11] Low and high exposure of male employees to toluene and benzene have also been found to be significantly correlated with morphological chromosomal aberrations. 12 13 However, in other studies, the rate of spontaneous abortion in partners of exposed men was not increased. 14 15 An eVect of organic solvents on serum hormone concentrations was first found in animals. 16 17 Studies on male employees in the printing industry found that both high 18 and low exposure to toluene 19 20 were associated with an imbalance of sexual hormones in serum samples. A recent epidemiological study reported an increase in time to pregnancy (TTP) in the case of non-specific maternal exposure to diVerent organic solvents. 21 Time to pregnancy has been used as a sensitive instrument to identify the eVect on fecundity for occupational exposure [22] [23] [24] or lifestyle components. [25] [26] [27] We here present data on TTP relative to exposure to toluene from a study that was initiated by the Employer's Liability Insurance of the printing industry in Germany in the year 1993.
Methods

STUDY POPULATION
Toluene is used in the printing of coloured illustrations in media such as catalogues and magazines. Men and women working in the 14 largest German printing companies were informed about the study through the Employer's Liability Insurer and the printer's trade union. Eleven companies participated in the study. A representative cross section of 300 male workers was recruited by stratified random sampling according to the proportion of employees in the individual companies compared with the total population of 5024 male workers. Due to recent job cuts the total population of female workers (stacking and bookbinding) had fallen to 231 women. All of these on the payroll were approached, which also included women potentially on maternity leave.
DATA COLLECTION
Face to face interviews were conducted by trained female interviewers at the homes of the employees, as, with few exceptions, participating companies did not permit interviewing during working hours. Mean duration of the interviews was 30 minutes for men and about 45 to 60 minutes for women. All participants gave written informed consent. Quality control measures for processing the data included double data input, controls for plausibility, and when possible, correction of implausible data.
QUESTIONNAIRE
This study used a modified version of the European study on infertility and subfecundity questionnaire. 28 The history of every period which could have ended in a pregnancy was recorded regardless of the pregnancy outcome. This included TTPs as well as periods of unprotected intercourse not leading to pregnancy (PUNPs). The two diVerent periods (TTP or PUNP) are called time of unprotected intercourse (TUI), independent of their outcome. Data on induced abortion were not gathered to avoid diYcult emotional situations. In five men and one woman employee, missing data on the month and week of the beginning of the TTP (the year was not missing) were replaced by mid-year (six months) estimates.
Data were solicited on pelvic inflammatory diseases, on reproductive organ surgery, and on chronic metabolic disorders-such as diabetes or hyperthyroidism. Lifestyle factors-such as consumption of alcohol, tobacco, or use of medications were ascertained for both men and women.
Data on working history included job descriptions, their duration (month and year of beginning and ending) and the tasks. Also, men working on printing machines were asked to describe the type of equipment and their brand name.
ASSESSMENT OF EXPOSURE
In the German printing industry (gravure printing, working with an intaglio) toluene has been used exclusively as a solvent since 1960. Exposure at work was categorised into three groups (table 1) and one unexposed group according to exposure measurements in previous years conducted by industrial hygienists of the Employer's Liability Insurer (table 1) . Allocation of diVerent individual periods to exposure categories was based on work history. Information on printing machines and brand name used in the printing industry, their emission of toluene, and the use of closed systems, was obtainable from 1960 onward and was taken into consideration (table 1) .
Men often worked directly on the printing machines as ink controllers or operators (high exposure), in the preparation of cylinders and quoins as galvanisers (medium exposure), or in other parts of the process, where printed material was handled, catalogues and magazines were stacked, or in bookbinding (low exposure). Exposure from stacking and bookbinding results from the release of volatile components of printed paper, which is sealed before it leaves the printing area and then opened again for stacking and binding.
Exposure in special jobs-such as plumbing or electrical work in the printing industry-is not identifiable through measurements of diVerent workplaces and was assessed individually. These employees are potentially exposed to extremely high doses of toluene when working close to printing machines-for example, maintaining the system of evacuating and recycling toluene-or low doses when only operating in a control centre.
The women considered in our study worked exclusively in the stacking and bookbinding process. Their overall exposure therefore was classified as low. All assignments to the exposure classes were reviewed by the Employer's Liability Insurance. The diVerent exposure categories were then assigned to the TUIs in the respective time window. For men who experienced diVerent exposure levels, we used information on current and previous exposure to check misclassification due to a recent change in the current exposure category.
STATISTICAL ANALYSIS
Descriptive comparisons are provided for men and women working in the printing industry with and without exposure. The units for the multivariate analyses, however, are periods, not people.
To compare the fecundability in exposed and unexposed periods we estimated the fecundability ratio (FR) based on TTPs and PUNPs. The PUNPs are censored observations. These are to reduce recall bias, available only for 5 years before the interview. As sampling was conducted from those who were on the payroll, PUPs are more likely to occur in exposed people. To exclude this bias, we also analysed the distribution of TTPs without PUNPs. Pregnancies occurring in women currently using birth control measures were excluded from the analysis because, for these cases, it is not possible to obtain data on TTP.
To reduce the infertile worker eVect [29] [30] [31] we excluded TUIs which occurred while women stayed at home-for example, maternity leave and the time after-even if the woman was at risk of pregnancy due to unprotected intercourse.
We applied survival analyses to estimate the relation between exposure to toluene and fecundity with the Cox's proportional hazards model and the PHREG procedure. [32] [33] [34] To account for the occurrence of ties, exact maximum likelihood estimates were computed. With the Cox's model we estimated the probability of conceiving among women exposed compared with those unexposed. Survival probabilities are plotted over observation period (figure). The hazard ratio was used as an estimate of the fecundability ratio and 95% confidence intervals (95% CIs) were calculated.
Regression models included the following potential confounders: age at starting time of unprotected intercourse, smoking, parity, ethnicity, pelvic inflammatory diseases, planning of the pregnancy, and frequency of intercourse. Confounders, however, were excluded when their elimination did not change the exposure estimate by at least 10%. 35 
Results
Eleven of the 14 largest companies in the German printing industry participated in the study. The overall participation after two posted letters and additional campaigning by the Employer's Liability Insurers and the trade unions was 50% for male workers (n=150) and 39% for female employees (n=90).
The ages of male workers did not diVer significantly from the ages of all employees in the participating companies. Fifty seven per cent of the interviewed men were older than 40 (data not shown). Men working as printers directly handling printing machines or inks were slightly overrepresented, whereas workers in other fields such as preparing cylinders for the printing process or working with the finished product were slightly underrepresented.
The sample proportion of women diVered significantly from total female employees in the printing industry for age (data not shown). More younger women participated in the investigation (30% were born after 1960 v 7% of those non-participating). This, however, resulted in more than half of the exposed periods (TUI) dating from 1985 and later. Female subjects and the overall population of female workers in the printing industry did not deviate significantly for workplaces and jobs.
Twenty eight per cent of male workers were not German. Most male employees (91.3%) were married or lived with a partner. More than 90% of all interviewed men had children, 15% had three or more. At the time of the interview, half of the female partners of male employees were at least 40 years of age.
Thirty six per cent of the women were not German. Most (84.4%) were married or lived with a partner; 17.8% had had a divorce in the past; 91% had at least one child. The proportion of people without children was the same in female employees and in partners of male employees. Previous employment included a wide range of other exposures. However, none of the reported earlier jobs were notable for occupational risks related to subfecundity.
Time of unprotected intercourse in female employees exposed and unexposed to toluene (n=100). figure) included the confounders smoking and parity at the beginning of the TTP. A strong association (FR 0.47, 95% CI 0.29 to 0.77) between employment in the printing industry and the duration of the TUI was found when comparing 39 periods of 26 women under exposure with 61 periods of 34 women employed elsewhere (four women experienced both exposed and unexposed periods).
Analysis of TTPs only (n=89) through exclusion of the 11 censored periods (PUNPs) resulted in a slightly less but still significantly reduced fecundability ratio (FR=0.52, 95% CI: 0.28, 0.99). Stratifying according to nationality showed a stronger and significant eVect in German women (53 periods in 35 women, FR 0.31, 95% CI 0.13 to 0.72) compared with 47 periods in 25 non-German women (FR 0.67, 95% CI 0.34 to 1.33).
When only the first TUI of each woman was entered in the model (60 periods of which 53 were TTPs and seven periods were PUNPs) the fecundability ratio was still significantly reduced (FR 0.48, 95% CI 0.24 to 0.97).
Discussion
We did not find an association between occupational exposure to toluene and subfecundity in men and their partners.
For periods of unprotected intercourse in female employees who worked in exposed areas a significant reduction of their fecundability of about 50% was found compared with periods TUI=time of unprotected intercourse. working in other industries. The association is stronger in German women than in women of other nationalities. The low participation rate is likely to introduce a selection towards less fertile people with a higher interest in participation. Male employees, nevertheless, represented the target population well for age and profession. However, the sample of women was significantly younger. Participation of younger women in a TTP study has been found elsewhere. 21 Being of reproductive age could increase concern about reproductive hazards and could stimulate participation of younger women. The low proportion of conceptions occurring within a year (table 3) shows that more women with a low fecundity participated. However, the women were recruited from one population only-namely, workers with the task of bookbinding and stacking catalogues. The low proportion of participation might have introduced a selection of women who are more interested in infertility, due to previous experiences. However, the selection was the same for exposed and unexposed women, as 31 women experienced only unexposed periods (waiting times to pregnancies that occurred before their current employment), 25 experienced exposed periods, and four experienced both. As we only recruited from one group and the participants provided both exposed and unexposed periods, a selection of less fertile participants is likely to bias the results towards the null value, as reduced fertility in this sample would increase its background risk in non-exposed periods. Additionally, younger participants are likely to provide periods with lower exposure than older participants as machines have undergone technical improvement in recent years.
The assessment of exposure to toluene in the printing industry was based on job descriptions, on categorisation provided by the Employer's Liability Insurance, and on measurements made by industrial hygienists. Thus, a possible misclassification due to a recall bias on exposure seems to be of minor influence. As toluene has been exclusively used in the German printing industry since 1960, we can also be certain about the single eVect of toluene.
Assessment of retrospective data is generally hampered by possible recall bias. In TTP studies one way to control for this is the restriction of data on the last pregnancy. 30 Other authors claim information on pregnancy data to be reliably remembered. 21 36 JoVe et al found only minor diVerences between TTPs ascertained several years ago (median 14 years) in comparison with information gathered later. 36 In our sample about 35% of periods in exposed and unexposed workers took place more than 14 years ago (maximum 22 and 25 years, respectively). We assume that a recall bias on most of the time specific details given by participants contributing both exposed as well as unexposed data is likely to be evenly distributed. However, we cannot exclude a better recall of TUIs in women who experienced reproductive problems. 37 As a recall bias in duration of employment is unlikely, the recall of TUIs occurred for exposed and unexposed periods and thus was probably of minor importance.
An information bias could also result from the inclusion of PUNPs as these periods are restricted to the past 5 years and are thus more likely to be contributed by exposed women. However, excluding the 11 PUNPs in the analysis did not change the results.
We tried to minimise behaviour modification and medical intervention biases 30 by taking medical data and lifestyle data at the starting of the TUIs into account. A planning bias arising from the exclusion of pregnancies occurring despite contraception can result in diVerential misclassification, either towards the null value or away from the null value. There is no reliable method of controlling for this bias. 30 Confounders known to have an influence on TTP-such as smoking or age-were found to be more often associated with exposed periods but controlling for them did not have an eVect on the results. Pelvic inflammatory diseases were more often found in exposed periods which is explained by the fact that older women are likely to have higher occurrence of both pelvic inflammatory disease and exposed periods. In our definition of pelvic inflammatory disease we included a history of appendicitis, which was the single cause of a potential pelvic inflammatory disease in nine of 23 periods or six of 18 women. There was no association between starting work in the printing industry and onset of a pelvic inflammatory disease.
When comparing the association of working in the printing industry and subfecundity of German and non-German women the diVerences are remarkable. German women had higher values of smoking and nulliparity. However, when controlling for these confounders, the diVerence in the eVect remained. A possible reason for this could be an overall higher exposure to noxious substances of non-German women, as this group often carries out the dirtier work in Germany. Exposure to toluene could pose a weaker relative risk to women who experience higher exposures in other jobs outside the printing industry. This assumption is supported by a comparison of the median time to the first pregnancy, which was generally longer in non-German women (German women 5 months, n=35; non-German women 7 months, n=25).
Our findings on male fecundity show that an adverse eVect is unlikely but cannot be completely excluded. A recently published study also did not identify an increased risk of subfecundity due to organic solvents in men. 38 Thus, it is possible that the increased rate of spontaneous abortions described in other studies of male exposure 9-11 is more likely to reflect chromosomal aberrations found in some studies relative to exposure to toluene 12 13 rather than a hormonal imbalance leading to subfecundity.
Sallmen et al 21 also found a reduced fecundability in women of 0.41 (95% CI 0.27 to 0.62) for high exposure and of 0.69 (95% CI 0.48 to 0.99) for low exposure to organic solvents. Exposure in the low group was defined as any exposure 1-4 times a week. In their high exposure group any daily exposure was considered to be high and is comparable with the daily low exposure to toluene of women in the German printing industry. These results are consistent with ours, despite a lack of significance for a single eVect of toluene in the study of Sallmen et al. 21 Other forms of exposure known to have an eVect on fertility, such as noise at the workplace, shiftwork, or stress were not examined in our study and cannot therefore be excluded as having produced part of the findings or the overall result. Shiftwork is thought to reduce fertility of couples for many reasons, one of them being a reduced probability of becoming pregnant due to less frequent sexual intercourse. 39 40 In our study the frequency did not diVer in the exposed and unexposed periods. Adverse eVects of noise together with solvent exposure on fecundability were found to be stronger in women than in men. 41 We cannot exclude such eVects on the result of our study.
Biological plausibility can be provided when analysing eVects of toluene on hormonal regulation in women and on early fetal losses. Possible changes in hormonal regulation 42 43 might clarify the biological basis for reduced fecundity, including changes either before conception or after implantation. Early fetal losses without eVects on maternal hormones would indicate that only the fetus is aVected. Thus we emphasise that having congruent results on subfecundity in two studies of women makes research on hormonal state and on early fetal losses in a female population exposed to organic solvents, especially to toluene, an urgent necessity.
